Realization of unconventional physical properties in two-dimensional (2D) transition-metal dichalcogenides (TMDs) is currently one of the key challenges in condensed-matter systems. However, the electronic properties of 2D TMDs remain largely unexplored compared to those of their bulk counterparts. Here, we report the fabrication of a high-quality monolayer NbSe 2 film with a trigonal prismatic structure by molecular beam epitaxy, and the study of its electronic properties by scanning tunneling microscopy, angleresolved photoemission spectroscopy, and electrical transport measurements, together with first-principles band-structure calculations. In addition to a charge density wave (CDW) with 3 × 3 periodicity and superconductivity below 1.5 K, we observed sizable (~0.1 eV) band splitting along the Γ-K cut in the Brillouin zone due to inversion symmetry breaking in the monolayer crystal. This splitting is highly anisotropic in k space, leading to a spin-split van-Hove singularity in the band structure. The present results suggest the importance of spin-orbit coupling and symmetry breaking for unconventional superconductivity and CDW properties in monolayer TMDs.
INTRODUCTION
Layered transition-metal dichalcogenides (TMDs) MX 2 (M = transition metal, X = chalcogen) have been extensively studied since they exhibit a variety of physical properties, such as superconductivity and charge density waves (CDWs). 1 Recently, monolayer MX 2 has attracted particular attention because it provides a useful platform to realize exotic physical properties such as field-induced superconductivity, and advanced electronic devices such as optical/thermoelectric devices, by coupling the spin-degree and valley-degree of freedom. [2] [3] [4] [5] [6] [7] [8] [9] [10] It is known that bulk 2H-NbSe 2 exhibits a unique ground state, where an incommensurate CDW and superconductivity coexist below 7 K. 11 On the other hand, monolayer NbSe 2 films obtained by exfoliating the bulk crystal or via a molecular beam epitaxy (MBE) method exhibit lower superconducting transition temperatures of T c = 3 K and 0.65-1.9 K, respectively. 7, 12, 13 It is also reported that the CDW transition temperature increases as the number of layers is reduced. 7 These characteristic variations in the physical properties as a function of thickness may be understood in terms of crystal symmetry breaking. As shown in Fig. 1a , the monolayer NbSe 2 with a trigonal prismatic structure (note that its bulk counterpart with an AB stacking sequence is known as the 2H phase) has no inversion center. 10, 14 Because of the inversion symmetry breaking and the strong spin-orbit coupling (SOC) of the Nb 4d orbital, the spin degeneracy should be lifted. 14 This band splitting and the resultant peculiar spin texture may induce unconventional superconductivity with an enhanced in-plane upper critical field H c2//. 10, [15] [16] [17] However, the existence of such band splitting in monolayer NbSe 2 has not been experimentally verified because previous spectroscopic studies have been performed with samples having multiple domains. 12 Therefore, the relationship between the band splitting and the CDW has not been conclusively investigated. Thus, a precise spectroscopic investigation of the high-quality monolayer NbSe 2 with a single domain is required.
In this paper, we report the MBE growth of highly oriented monolayer NbSe 2 , and its characterization by scanning tunneling microscopy (STM), angle-resolved photoemission spectroscopy (ARPES), and electrical transport measurements, together with first-principles band structure calculations. We found that the monolayer NbSe 2 film exhibits a 3 × 3 CDW and superconductivity below 1.5 K, hosted by a spin-polarized Fermi surface (FS). In addition, we observed sizable (~0.1 eV) band splitting along the Γ-K cut in the Brillouin zone (BZ) due to inversion symmetry breaking in the monolayer crystal. This splitting is highly anisotropic in k space, creating a spin-split van-Hove singularity. We discuss implications for superconductivity and CDW of the inversion symmetry breaking and the strong SOC.
RESULTS AND DISCUSSION
We employed the van der Waals epitaxy technique 18 to fabricate monolayer NbSe 2 using bilayer graphene grown on silicon carbide as a substrate. 12, 19 Figure 1b shows the reflection high-energy electron diffraction (RHEED) pattern of pristine bilayer graphene grown on 6H-SiC(0001), featuring the 1 × 1 streak pattern originating from both bilayer graphene and SiC. After coevaporation of Nb and Se atoms onto the substrate, which is maintained at 500°C in ultrahigh vacuum (UHV), the intensity from SiC and graphene is reduced, and a new 1 × 1 streak pattern appears (Fig. 1c) , as is the case for other monolayer TMD films on the bilayer graphene. [19] [20] [21] While the MBE-grown monolayer NbSe 2 film was reported to contain domains rotated by 30°with respect to each other, 12 we found no indication of such a domain mixture in the RHEED pattern, demonstrating that our film was highly oriented. This is corroborated by our ARPES data, which is shown later. Such selective fabrication of a highly oriented film has become possible by carefully tuning the substrate temperature during the epitaxy (500°C in the present study, while 330°C was reported in a previous study. 12 ) As shown in Fig. 1d , the STM image reveals the formation of monolayer NbSe 2 with atomically flat terraces on the graphene substrate. 12 The high-resolution STM image displays the 3 × 3 intensity modulation as well as the 1 × 1 pattern, as shown in Fig. 1e . Such periodicity is clearly visualized in the fast Fourier transform (FFT) of the STM image, shown in Fig. 1f . This indicates that the film is in the CDW phase at low temperature (T = 6 K), as in bulk 2H-NbSe 2.
12, [22] [23] [24] We characterized the electrical transport properties of our film with the in situ four-point-probe (4PP) method. Figure 1g shows the sheet resistance R sheet as a function of temperature under various out-of-plane magnetic field strengths B ⊥ . R sheet at B ⊥ = 0 T shows a sharp reduction at around 1.5 K (T c onset = 1.5 K), and reaches zero at 1.4 K. Upon increasing B ⊥ , the T c value is monotonically reduced, and the superconductivity finally disappears at B ⊥ = 1.6 T. From the magnitude of B ⊥ at which the resistivity takes half of the normal-state resistivity, we have estimated the out-of-plane upper critical field μ 0 H c2⊥ , and plotted its temperature dependence in the inset to Fig. 1g [note that μ 0 H c2⊥ is also estimated from the B ⊥ -dependence of R sheet at fixed temperatures (open diamonds), besides the data in Fig. 1g (red circles)]. One can clearly see a linear dependence of μ 0 H c2⊥ on temperature. The obtained T c (1.5 K) and μ 0 H c2⊥ at T = 0 K (~1.7 T) are slightly lower than those of the monolayer NbSe 2 obtained by exfoliation (3 K and~4 T, respectively), 10 suggesting that T c is influenced by the substrate. By numerically fitting the data using Ginzburg-Landau (GL) theory, 25 we estimated the in-plane GL coherence length at 0 K as ξ(0) = 14.0 ± 0.1 nm, which is five times larger than that of the bulk NbSe 2 (2.7 nm). 26 Furthermore, the T c of our epitaxial monolayer film (1.5 K) is about 1/5 of the T c of bulk NbSe 2 (7.2 K). This can be essentially understood in terms of the known inverse proportional relationship between T c and coherence length. The enhancement of coherence length in the NbSe 2 film resembles the case of Ca-intercalated graphene/graphite, where the coherence length of the ultrathin film [ξ(0) = 49 nm for C 6 CaC 6 27 ] is much larger than that of the bulk crystal [ξ(0) = 29 nm for C 6 Ca, 28 ] essentially due to the difference in their T c values. After establishing the transport properties, the next important issue is to elucidate the electronic structure inherent to monolayer NbSe 2 . Figure 2a shows the ARPES-intensity plot of the monolayer NbSe 2 in the valence-band region measured along the Γ-M and Γ-K cuts in the BZ. We found several dispersive bands reflecting the high single crystallinity of film. within 0.5 eV with respect to the Fermi level (E F ) are attributed to the Nb 4d states. 12, [29] [30] [31] These features are qualitatively reproduced by our first-principles band calculations, incorporating the SOC for free-standing monolayer NbSe 2 , as illustrated in Fig. 2b . We remark here that hybridization between NbSe 2 and graphene bands is expected to be very weak, because the C 2p σ band topped at 4 eV below E F at Γ and the π band near E F at K in the graphene BZ are outside the energy/momentum range of Fig. 2a . The interaction between NbSe 2 and graphene is likely to be more sensitive to the physical parameters governed by low-energy excitations such as T c , but less sensitive to high-energy characteristics like overall valence-band dispersion. Figure 2c highlights the band dispersion around the top of the Se 4p bands (area enclosed by red rectangle in Fig. 2a) , obtained by taking the second derivative of the ARPES intensity. One can clearly see that the band located at E B = 0.95 eV at the Γ point splits into two branches at the midway between Γ and K (k y ≈ 0.2-0.8 Å
−1
). However, this band shows no splitting along the Γ-M cut. This behavior is well reproduced by the band-structure calculation in Fig. 2b (see area enclosed by blue rectangle) and is interpreted as a consequence of the SOC and inversion symmetry breaking. To be more specific, the anisotropic band splitting may be intuitively understood by taking into account the D 3h symmetry of the monolayer crystal 9, 10 in which the atomic arrangement is symmetric with respect to the yz plane (M-Γ-M plane), but not with respect to the xz plane (K′-Γ-K plane) as shown in Fig. 2e .
To further corroborate anisotropic band splitting due to inversion symmetry breaking in monolayer NbSe 2 , we have also performed the ARPES measurement for inversion-symmetric bulk 2H-NbSe 2 . As shown in Fig. 2d , one can immediately recognize apparent differences in the band dispersion from its monolayer counterpart. The Se 4p band in the bulk crystal (Fig. 2d) splits along the ΓM cut on moving away from Γ (white dashed lines), unlike monolayer (Fig. 2c) . This suggests that the origin of band splitting is different between monolayer and bulk. The splitting is caused by the 2H-type stacking of NbSe 2 layers in the bulk crystal (unit cell contains two Nb atoms), producing isotropic band splitting. [31] [32] [33] However, the band splitting in monolayer cannot be explained within the same framework, since the unit cell contains only one Nb atom and thereby we expect one half-filled band under spin degeneracy.
To address whether the band splitting influences the FS responsible for the anomalous physical properties, we have performed ARPES measurements in the vicinity of E F . As shown in Fig. 3a, b , the FS mapping reveals large hole pockets centered at the Γ and K points. According to the band calculation results in Fig.  2b , these pockets originate from a single Nb 4d band which crosses E F twice along the Γ-K cut (when neglecting SOC). The hexagonal shape of the Γ-centered pocket is an indication of the highly oriented nature of our film, since the existence of multiple domains results in the rounded shape of pockets. 12 Figure 3c shows the energy distribution curves (EDCs) measured along the cut in between two hole pockets (cut A in Fig. 3a) . The EDCs were obtained by plotting the data at specific k y points indicated on the right-hand side, which were selected from the original ARPES intensity recorded in k x -k y space. One can clearly recognize two peaks located at E B = 170 and 50 meV on the Γ-K line (highlighted by the blue EDC), both of which display hole-like dispersion along this cut. We have estimated the energy position of the peaks from numerical fitting using two Lorentzians with constant background multiplied by the Fermi-Dirac distribution function. As shown in the representative fit result for the EDC at k y = 0 (blue line in Fig. 3c) in Fig. 3d , one finds a good agreement between the fit result (red) and the experimental data (black) over the entire energy range. This supports the existence of two bands. The twopeaked structure is also visualized in the second derivative of the ARPES intensity in Fig. 3e , and is attributed to the spin-split Nb 4d bands due to the aforementioned inversion symmetry breaking, supported by a qualitative agreement of the band dispersion between the experiment (circles) and the calculation (solid lines). It is noted here that the band splitting is not clearly resolved in the Fermi-surface mapping in Fig. 3a due to strong lifetime broadening and shallow band dispersion. Nevertheless, we were able to extract triangular shapes of the K-centered pockets (open circles in Fig. 3a ) from the momentum distribution curves at E F , which are consistent with the calculation result shown in Fig. 3b . As shown in Fig. 3f , this band splitting is also seen in the ARPES data along the cut perpendicular to cut A (cut B in Fig. 3a ; the Γ-K cut) as a pair of electron-like bands. It is thus strongly suggested from the EDCs, numerical fits, and second-derivative plots, all together, that the Nb 4d bands are spin split, and each branch forms a van-Hove singularity with the saddle point at the top (bottom) of the holelike (electron-like) band in cut A (B). The magnitude of the band splitting at the saddle point is 120 meV, comparable to that for the Se 4p bands (~100 meV) in Fig. 2c . All these results suggest a spinpolarized nature of the FS in monolayer NbSe 2.
34 It is noted that band splitting has been observed or predicted in some semiconducting TMDs with a trigonal prismatic structure, [34] [35] [36] [37] [38] [39] and it commonly originates from inversion symmetry breaking and SOC. The present study reveals that band splitting also exists in a TMD showing a CDW.
We now discuss the implications of the observed band splitting for superconductivity. It is expected that the intrinsic effective magnetic field H SO is parallel to k × ε (ε is the crystal field, i.e., the net dipole moment) in a non-centrosymmetric superconductor with strong SOC. 15, 16 In monolayer NbSe 2 , H SO has only an out-ofplane component since ε has only an in-plane component due to the mirror symmetry with respect to the Nb plane in monolayer NbSe 2 , in contrast to the cases of Rashba metals 40 and Dirac-cone surface states in 3D topological insulators, which generally show an in-plane spin texture. 41 In fact, we have confirmed by our band calculation that the spin polarization has only the out-of-plane component irrespective of the k location in the BZ, and the outer (inner) pocket at K has a down (up) spin component.
14 Such spin texture would be responsible for the observed robustness of superconductivity against the in-plane magnetic field in monolayer NbSe 2.
10 To validate this point, we have estimated the expected H c2// value from the magnitude of the observed band splitting. If H SO is much larger than the Pauli paramagnetic limit (H P ), H c2// is defined as~√H SO H P . 10, 16 H SO in monolayer NbSe 2 with D 3h symmetry 10, 15 is expressed as
where H 0 characterizes the magnitude of the spin-orbit field and a is the in-plane lattice constant (3.45 Å) . From the magnitude of the observed band splitting (120 meV) at the saddle point ((k x , k y ) = (0.7, 0 Å −1 )), we obtain μ 0 H c2//~6 4 T [note that this value was estimated from the k F (Fermi vector) points of the K-centered pockets], well above μ 0 H P (~2.8 T). A large μ 0 H c2// value has been also reported in exfoliated monolayer NbSe 2 with T c = 3 K (μ 0 H c2// ≳ 31.5 T) 10 and ionic-gated MoS 2 with T c = 6.5-7.6 K (μ 0 H c2// = 32-52 T). 8, 9 While the T c values are different and one cannot directly compare the μ 0 H c2// values among these inversion symmetry-broken TMDs, the commonality of the large μ 0 H c2// values would point to a possible connection between the band splitting and μ 0 H c2// (note that μ 0 H c2// in our film needs to be confirmed by the electrical transport measurement under parallel magnetic field, though this is not currently feasible due to a limitation of measurement geometry in our 4PP system).
Finally, we discuss the relationship between the spin-split FS and the CDW in monolayer NbSe 2 . To the best of our knowledge, the present study is a rare case of CDW realization that involves a spin-polarized FS. As for the origin of the CDW, we can rule out the simple FS nesting scenario at the Γ-centered hexagonal pocket since the k vector connecting the parallel segments of this pocket is much larger than the 3 × 3 CDW vector (Q CDW ) as in bulk 2H-NbSe 2 and highlighted in Fig. 3b . 42 The van Hove singularity scenario 43, 44 is also ruled out since the saddle point is far (~50 meV) from E F . Recently, it has been suggested that kdependent electron-phonon coupling is the major mechanism of the CDW in bulk 2H-NbSe 2.
23, 24, 31, 32, 45 In this scenario, there exists a specific k region called a "hot spot" spanned by the CDW vector where electrons are strongly coupled to phonons. In monolayer NbSe 2 , the FS is spin split and the situation may be different from that of the bulk crystal. In particular, electron scattering connecting the CDW vector should not involve the spin flip process and therefore the FS segments with the same spin texture need to be connected with each other by the CDW vector. At first sight, this appears to be less favorable for the stabilization of the CDW in monolayer NbSe 2 . However, taking into account the experimental fact that phonon softening was observed in the finite Q region (Q CDW ± α) in the bulk crystal 45 and assuming that similar softening also occurs in the monolayer, it is expected that the hot-spot region is wide enough in k space to connect the Fermi-surface segments with the same spin texture even when the FS is spin polarized, as schematically illustrated by the yellow area in Fig. 3b . To further examine this conjecture, observation of phonon dispersion in monolayer NbSe 2 is highly desired.
In conclusion, we report the MBE growth of monolayer NbSe 2 with a trigonal prismatic crystal structure on bilayer graphene. Besides the superconductivity (T c = 1.5 K) and the 3 × 3 CDW transition, we found direct evidence for sizable band splitting due to inversion symmetry breaking in the monolayer crystal and a resultant characteristic spin-split van-Hove singularity in the band dispersion. We conclude that the observed band splitting is closely related to the robustness of the superconductivity against the inplane magnetic field as well as the formation of a CDW with strong periodic charge modulation. The present study opens an avenue for understanding of the interplay between symmetry breaking and unconventional physical properties in atomic layer materials.
METHODS
Monolayer NbSe 2 film was grown on bilayer graphene by the MBE method. 12, [18] [19] [20] [21] Bilayer graphene was prepared by annealing an n-type Sirich 6H-SiC(0001) single-crystal wafer by resistive heating at 1100°C for 20 min in an UHV chamber at pressures lower than 1.0 × 10 −9 Torr. Monolayer NbSe 2 film was grown by evaporating Nb on a bilayer graphene substrate in Se atmosphere at~5.0 × 10 −9 Torr. The substrate was maintained at 500°C during the epitaxy. 19 The as-grown film was annealed at 400°C for 30 min, and then transferred to the ARPES-measurement chamber without breaking the vacuum. The film thickness was monitored by a quartz-oscillator thickness meter and STM. ARPES measurements were carried out using a MBS-A1 electron-energy analyzer with a high-flux helium discharge lamp and a toroidal grating monochromator at Tohoku University. The energy and angular resolutions were set at 16 meV and 0.2°, respectively. The Fermi level (E F ) of samples was referenced to that of a gold film deposited onto the sample substrate. We performed the electrical transport and STM measurements in separate vacuum chambers. To avoid contamination of the surface of sample during the transfer, we covered the NbSe 2 film with amorphous Se immediately after the epitaxy, transferring it to the separate UHV chambers for the measurements, and then de-capping it by annealing the film under UHV. The electrical transport measurements were carried out with a Unisoku USM-1300S, of which STM head has a 4PP of 100-μm diameter copper wire with a probe spacing of 200 μm. The sheet resistance R sheet was obtained by the 4PP dc current-voltage measurement by using the dual configuration method. 46 The custom-made STM system for obtaining the atomic image was operated at T = 6 K under UHV better than 2 × 10 −10 Torr. First-principles band-structure calculations for free-standing monolayer NbSe 2 was carried out by using the Quantum Espresso code 47 with generalized gradient approximation. 48 Spin-orbit interactions were included in the calculations. Ultrasoft pseudopotentials 49 were used, and the wavefunctions and charge Anisotropic band splitting in monolayer NbSe 2 Y Nakata et al.
densities were expanded using a 50 Ry and 400 Ry cutoff, respectively. The k-point mesh was set to be 14 × 14 × 1. The crystal structure was relaxed using the supercell geometry with a vacuum region of more than 10 Å.
Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable request.
